Experimental
The reaction was carried out under a nitrogen carrier in a microcatalytic pulse reactor using a stainless steel tube. The catalyst (20mg, 100-200 mesh) was heat-treated in air in the reactor at the temperature used in its preparation for 3 hr before use. The amount of reactant injected immediately after reaction to a gas chromatographic column (3m of PEG 20M on Celite 545 SK) for
The products were identified from their observed gas-chromatographic retention times by comparison with those of the authentic samples. Conversion was taken as the average value of several pulse runs after the sixth or seventh pulse which indicated almost a constant product distribution.
1,2-epoxybutane and 2-methyl-1,2-epoxypropane were supplied by Wako Pure Chemical Co., and 2,3-epoxybutane (a mixture of cis-and trans-forms, 1:1) by Tokyo Kasei Kogyo Co. Details of procedure for preparation of the catalysts were identical to those described previously2),3). TiO2, ZrO2 and TiO2-ZrO2 were prepared from H4TiO4, Zr-(OH)4 and H4TiO4-Zr(OH)4 (molar ratio=1:1), respectively, using urea as a precipitant13). Al2O3-I was KAT6 of Nishio Chemical Co. Al2O3-II was Albes FF, supplied by Showa Tansan Kaisha, in air for 3hr unless otherwise noted and stored in sealed ampoules until use.
Results and Discussion
The main reaction products of isomerization of 2-methyl-1,2-epoxypropane were isobutyraldehyde (1) and 2-methyl-2-propen-1-ol (2), together with small amounts of methacrylaldehyde and isobutyl alcohol, all of which are the materials expected from the isomerization products of 1-methylcyclohexene oxide2). Table 1 shows the catalytic activity and selectivity for isomerization of 2-methyl-Relative activities of NiSO4, Al2O3-I, TiO2, TiO2-ZrO2 and ZrO2 were similar to those of isomerization of 1-methylcyclohexene oxide2); namely, (1) the activity was higher when calcined at lower temperatures for NiSO4, (2) the activity of Al2O3-I was the highest, and (3) the activity of TiO2-ZrO2 was higher than that of TiO2 or ZrO2 due to its higher acidity and basicity created by the combination of both oxides.
In the isomerization of 1-methylcyclohexene oxide, SiO2-Al2O3, H2SO4-SiO2 and FeSO4 showed selectivity more than 80% for the formation of ketone, while TiO2, TiO2-ZrO2, ZrO2, Al2O3-I and Al2O3-II preferentially yielded allylic alcohols. The selectivity of the first three catalysts was more than 80%, and NiSO4 gave both products.
2) The present results indicated that FeSO4 showed a high selectivity for the formation of aldehyde as expected, but NiSO4, TiO2-ZrO2, ZrO2, Al2O3-I and Al2O3-II unexpectedly produced large amounts of aldehyde. Only TiO2 showed a high selectivity to allylic alcohol, though its activity was low. SiO2-Al2O3 and H2SO4-SiO2 produced many unidentified products, probably owing to their high acidity.
The allylic alcohol formation was previously explained by acid-base bifunctional mechanism2),3) An oxygen atom of an epoxide adsorbs on an acid site, while a hydrogen atom attached to a carbon atom adjacent to the epoxide ring adsorbs on a basic site, and both the opening of the epoxide ring and the hydrogen abstraction take place simultaneously to form allylic alcohol. Ketone is formed when the former precedes the latter. In this regard, the basic sites are considered in the present reaction to interact less with hydrogen than in the case of a cyclic reagent.
High levels of conversion to ketone were observed at high temperatures over CaO, which is inactive as shown in our previous work, where it was considered that basic catalysts such as CaO and MgO did not cause any rearrangement of the epoxide2). Although CaO is known to be a solid base catalyst14), it appeares likely from the result of selectivity that the reaction occurred on its weak acidic sites. Bases such as potassium tbutoxide, lithium diethylamide and lithium phosphate4),9),10) have been reported to catalyze epoxides to form allylic alcohol selectively.
The reaction of 2,3-epoxybutane (cis and trans in a 1:1 ratio) produced butadiene (3), ethyl methyl ketone (4), 3-buten-2-ol (5) and a small amount of s-butyl alcohol. of the alcohol on the catalyst surface is supposed to cause dehydration. The formation of a large amount of butadiene over TiO2-ZrO2 is interpreted by the fact that this catalyst acts as a producer of allylic alcohol and it also has high acidity for dehydration of ethanol13). Consequently, the total amount of 3 and 5 is considered to be the primary yield of allylic alcohol, 5. SiO2-Al2O3, H2SO4-SiO2 and FeSO4 showed quite high selectivity for ketone formation. In the case of cyclohexene oxide, these catalysts produced a substantial amount of allylic alcohol, together with ketone, since the basic sites play an important role for hydrogen abstraction to form the alcohol during the course of cleavage of the carbon-oxygen bond by acid sites, even though the basic sites are weak3). On the contrary, the present results reveal a weak interaction of the epoxide with the basic sites and support our interpretation of a weaker adsorption of acyclic alkene oxide than cyclic alkene oxide on the basic sites. The reaction of 1,2-epoxybutane was performed over several catalysts, and the results are shown in Table 3 . The products were butadiene (3), butyraldehyde (6) and cis-and trans-2-buten-1-ol (7), together with small amounts of 1-butene, ethyl methyl ketone, crotonaldehyde and butyl alcohol. Butadiene was also formed as observed in the reaction of 2,3-epoxybutane. The formation would be explained by the dehydration of allylic alcohol (7) with a subsequent shift of the double bond, but its high yield over SiO2-Al2O3 can not be interpreted by the above mechanism, since SiO2-Al2O3 showed high selectivity for ketone in the reaction of 2,3-epoxybutane.
In the formation of carbonyl compounds, butyraldehyde exceeded ethyl methyl ketone considerably in all cases, though opposite observations over several solid acids and bases have been reported7 
